Distribution systems are the first volunteers experiencing the benefits of smart grids. The smart grid concept impacts the internal legislation and standards in grid-connected and isolated distribution systems. Demand side management, the main feature of smart grids, acquires clear meaning in low voltage distribution systems. In these networks, various coordination procedures are required between domestic, commercial and industrial consumers, producers and the system operator. Obviously, the technical basis for bidirectional communication is the prerequisite of developing such a coordination procedure. The main coordination is required when the operator tries to dispatch the producers according to their own preferences without neglecting its inherent responsibility. Maintenance decisions are first determined by generating companies, and then the operator has to check and probably modify them for final approval. In this paper the generation scheduling from the viewpoint of a distribution system operator (DSO) is formulated. The traditional task of the DSO is securing network reliability and quality. The effectiveness of the proposed method is assessed by applying it to a 6-bus and 9-bus distribution system.
Introduction
The medium and low voltage distribution networks in existing power systems are mainly unidirectional from the viewpoint of data exchange between the system operator, producers and the consumers [1] . The penetration of technologies that support bidirectional communication infrastructure in distribution systems enables them to function in a smarter way with effective coordination between market participants. Smart grids should operate in a competitive environment with the involved players competing to achieve individual goals and cooperating in order to ensure common goals. These common goals mainly contain system issues, aiming at ensuring reliability and security levels and minimizing operation costs. Consequently, the agent that handles the supervisory role in smart grids is concerned about maintenance outage schedules, because they naturally deteriorate the grid reliability and increase the operation cost [2] . Electricity markets usually include a market operator that manages the financial transactions and the implementation of market rules and an independent system operator (ISO), which manages the network and all the involved constraints, in addition to sellers and buyers that negotiate in the market [3] . It carries out the duty of achieving a good solution enabling to attain common goals and to provide players with the conditions to attain their individual goals.
Therefore, it cannot manage the system individually ignoring the desired plans of other sections. Completing this duty requires coordination between the system operator, the transmission companies, the producers and the consumers.
A method based on game theory for maintenance scheduling in the layer of producers and in the transmission level is introduced in [4] . In this model producers decide their outage plans, considering their rivals' reactions. However, the outcome of this procedure is inapplicable due to the absence of supervision over security and reliability issues of the grid.
A coordinating mechanism based on incentives/disincentives among power producers and the ISO to achieve the final maintenance plan for a year ahead is introduced in [2] . This method expedites achieving a generation maintenance plan which satisfies the producer maximum profit objective while achieving a fair degree of reliability in each week of the year. In this model the coordination among producers and the ISO is provided through an iterative procedure. This iterative method requires several data exchange between the ISO and the producers, and also requires that each market participant solves its scheduling problem before submission. This is possible when we are talking about long-term planning; however, in short-term generation scheduling, which is usually a day or a week ahead, several data exchange requiring rescheduling at each destination is not possible.
In [5] , the coordination between optimal maintenance scheduling of generating units and transmission lines in a vertically integrated power system is discussed. In this model the ISO runs the maintenance scheduling problem considering the maintenance costs of market participants, and the final plan is compulsory for market players. A model similar to the approach introduced in [5] is developed in [6] . The authors suggest considering the most preferred maintenance schedules of generation companies (GEN-CO) and of the transmission company (TRANSCO) when the 
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Determining the optimal set of producers to be in service and participate in supplying the demand during each scheduling period (a day or a week) is an important issue in the daily operation and planning of power systems. In [8] an energy management model is proposed with the objective of minimizing the active power losses. In this model AC power flow equations plus the active and reactive power generation constraints impose limitations to the optimization problem. The concept of Virtual Power Producers (VPP), supervising agents for single and multiple isolated power systems, has been developed in [9] , and its application on a real case study including various renewable resources has been examined.
There are different levels of smart grids available and calling a system smarter than the other system is getting popular. There is a wide range of technologies that can together form a smart grid; energy-related devices and interconnecting communication technologies are the two main categories of the involved technologies. Renewable energy resources, smart meters, energy storage systems (ESS), home area networks and many other technologies belong to this family.
In a smart environment, end-users have flexible offers in provision of energy and some other merits. Determining the structure rationally from numerous alternatives is the responsibility of the system operator. Lots of researches have been focused on this topic. A mixed-integer linear programming model is developed in [10] for the integrated plan and evaluation of distributed energy systems. This model minimizes overall energy cost for a test year by selecting the units to install and determining their operating schedules. Various renewable resources including solar, wind, biomass, as well as energy storage technologies are considered in the model [10] . In [11] , an economic optimization model for the high level system design and unit commitment of a microgrid is developed. A mixed-integer linear programming model to maximize utilities profit and a linear programming model to minimize greenhouse gas emissions for a biomass based energy system is developed in [12] .
The operation of a central controller for microgrids is described in [13] . The controller optimizes the operation of a microgrid operating under various market policies in the case of interconnection with upstream system [13] .
Demand response is a good opportunity for consumers to participate in the smart grid environment, and represents significant benefits for the whole electricity market [14] . Demand response events affect the grid's security conditions, and therefore are managed by the DSO [15] . The DSO manages the distribution system and has the responsibility of voltage control. The methodology introduced in [14] considers the demand response to the electricity price variation imposed by the system operator in the presence of a reduction need, specifically designed for distribution systems. Demand response programs will have significant impact on existing power systems which about 20% of their capacity exists to meet the peak demand (i.e., about 5% of the time) [1] . However, implementing demand response programs avoids building extra capacity and consequently reduces the install cost in a power system.
The microgrid enters into the open market, buying and selling power to the grid, via an aggregator or similar energy service provider. The microgrid central controller maximizes the revenues of the aggregator by power exchange with the grid. The consumers also pay for their consumption at the open market prices [13] .
The regulations in a smart distribution system should promote the application of smart grid supporting technologies for both the DSO and the network users [16] . In this paper, a scheme for effective and practical coordination between market members in a smart grid is proposed. The output of producers mid-term maintenance scheduling is submitted to the DSO and waits for its decision. The DSO is in charge of planning, operating and managing the distribution system and operates a monopoly businesses for its' regional network. In electricity market environment, DSOs seek the maximization of their income while ensuring the power quality and system reliability under strict network regulation. The way that the DSO reacts to suggested plans and the method it chooses for coordination are the main scopes of this research. This innovative strategy provides the operator with an efficient mechanism for short-term decision making considering the interests of the producers and the other players. This method is tested by a series of simulations on radial feeders, a 6-bus distribution network [17, 18] is tested first and then the effectiveness of the proposed method is examined in a 9-bus system with higher penetration of distributed energy resources (DER).
Smart distribution systems
The traditional power systems are evolving into a new structure with greater levels of demand side management, and intensive use of distributed generation and ESSs closer to the consumption centers. The term ''smart grid'' is commonly used for futuristic distribution systems which will be more intelligent in comparison to conventional distribution systems [19] . The electricity distribution system as the first volunteer organization in power systems is experiencing a profound change, where blind and manual operations, along with the electromechanical components, are transforming into a ''smart grid'' [20] . The structure of distribution system is slightly changing due to the deregulation in power systems and government incentives for renewable resources. In smart distribution systems the energy flow is not just in one direction from the transformer substation to users as in passive systems. In this environment, customers have higher access to system conditions, which helps them to have better maintenance practices. To address the bidirectional flow patterns and online smart functions in real-time framework of daily operation in the distribution system infrastructure, major upgrades in communication structure are required [20, 21] . These changes will have significant impact on the implementation of information technology in distribution systems which conventionally entail limited sensors and automation for data transfer.
Smart grids are often characterized in four layers: the distribution system with all physical elements, sensors and actuators, communication system, and finally the management system. Advanced distribution management system gives intelligence and smartness to the system and is known as the brain of future distribution systems [21] .
In EU commission task force for smart grids [22] , DSO is responsible for operating, maintaining, and developing the distribution system in the given area, where applicable, its interconnection with other systems. Moreover, the DSO is responsible for regional grid stability, integration of renewable sources at the distribution level and regional load balancing [22] . In future electricity markets, the responsibilities of the DSO resemble that of the transmission grid of today [22] .
Deployment of the microgrids concept plays a leading role in establishing the evolution of conventional electrical grids toward smart grids. Microgrid is a low voltage distribution system comprising various DERs, controllable loads and ESSs and operates as a grid-connected system or as a controlled entity isolated from the main distribution system. An example for isolated microgrids is a low voltage regional network in a rural area [13, 23] .
Planning in the smart grid framework can be divided into three different levels: synthesis optimization, design optimization and operation optimization. In the first two hierarchical process of planning, the components that appear in a system, their connections, technical characteristics of them and the substances that enter or exit each component are decided [10] . However, in this model the main purpose is achieving the optimal operating schedule in a system which has passed the previous two steps.
Renewable resources with intermittent nature are likely to be intensively used in most smart grids. These resources, due to their limited dispatchability, impose several challenges to the existing distribution infrastructure and to the ISO [20] . In many regions of the United States wind resources are considered as a must-take option for the ISO [20] . Variations in the production of renewable resources hamper the competition for the owners of these units when they participate in electricity markets [24] . The application of energy storage technologies which are under development partially alleviates the challenges that distribution systems face when trying to increase the share of renewable energy resources. The ability of storing considerable amounts of energy for several hours can provide the necessary flexibility for smoothing the output power of intermittent resources [24] .
Implementation of smart grids requires a comprehensive regulatory framework in addition to technology, market and commercial consideration and information and communication technology. The emerging communication technologies will face the challenges of providing efficient power routing for higher cooperation between the members and enabling the consumers to manage their demand. The smart grid needs to enable its stakeholders to benefit from new ways of engaging with each other and performing information and energy exchange with each other in the market environment [1] . The purpose of the proposed model is to define a coordination procedure among many coordination procedures which might take place in a smart grid, and to propose a realistic methodology for maintenance scheduling in smart grids.
Problem formulation and methodology
In this section the formulation of the proposed method is discussed. As mentioned in the first section of this article, the main objective of the DSO in a smart distribution system is to determine a day-ahead or a week-ahead unit commitment to minimize the system operating cost while meeting the network security and the producers' constraints [7] . Similar methodologies and computing algorithms which are applied in transmission level, such as load flow and optimal power flow are needed in distribution system management [21] .
In the centralized electricity framework, the system operator determines the maintenance plan that fulfills the requirement for the desired reliability level throughout the planning horizon while minimizing the operation cost of the system and imposes it to all producers [2] .
When addressing the system planning problems in competitive environments, market participants' aims must be considered, specifically the schedule of their own equipment maintenance. The competitive nature of smart grids does not allow implementing a single stage maintenance scheduling structure used in centralized electricity networks. In such context, the producers that contribute in supplying the electrical energy to consumers should submit their mid-term maintenance outage plans to the system operator for approval. Similarly the main concern of the firms that take part in competitive markets, is obtaining the maximum benefit by increasing their profits. However, it should not be forgotten that the duties of the ISO which is in charge of maintaining the system security and guarantying an adequate level of reliability throughout the planning horizon cannot be overlooked.
In the proposed model, which is based on the idea that was first introduced in [6] , the DSO considers the preference of producers and transmission lines for their maintenance outages. In the context of smart grids, the objective of the proposed method for forming a coordination between mid-term maintenance scheduling of generating units and transmission lines and short-term planning in the operator's level is to minimize operation costs over the scheduling period while satisfying operation and security constraints. The symbols that are used in the objective function and the constraints are introduced in the Nomenclature section. For the sake of simplicity, uncertainty in the system data is not considered, i.e. the demand data and wind farm generation forecasts are considered as known values. Forced outage rate of each generating unit properly illustrates the availability of each unit and depends on many factors mainly the previous maintenance experiences. This parameter should be considered as an important factor when generation scheduling is solved from the viewpoint of producers. In this model the effect of forced outage rate for each generating unit is included in the reserve constraint.
The DSO employs an approach to decide whether to permit, deny, or adjust planned outage schedules submitted by generating units and transmission lines in order to preserve the system security, while optimally committing, dispatching and allocating resources [25] .
Each producer that might own several generating units solve the corresponding maintenance scheduling problem individually seeking their own profit maximization, considering the relevant constraints such as crew constraints [2] . The producers submit their maintenance outage plans to the DSO while assigning higher priorities to their preferred plans by offering payments to each time period of their desired maintenance window. This payment is in fact the penalty that producers can pay due to deteriorating the system reliability and security. The DSO has also accepted the risk of worsening the system reliability and security; therefore it might be questioned from the consumers or penalized by the higher supervisory organization. Each company suggests a set of plans with different priorities distinguished by the prices that they offer for each time period of outage in their preferred maintenance outage interval.
Several terms are included in the coordination objective function (1) of the DSO. The cost of providing energy for customers which is categorized as fixed costs, production costs and start-up costs of the producers is introduced in the objective function by the first three terms. The next two terms in the objective function relate to the charge cost and the discharge benefits for ESSs. The inclusion of producers' preference in operator's decisions is displayed in the last two terms. 
Besides minimizing the total operation cost of the system, the preceding objective function maximizes the income of the system operator from the maintenance scheduling procedure which comes from its position as the regulatory section in smart grids. Additionally, the producers are also positive about this scheduling policy, because they can have their units in maintenance in their preferred maintenance windows, determined according to their own constraints and objectives.
The way that the forced outage rate involves in the formulation of the problem, depends on how the coordination procedure is defined and from which point of view the problem is seen. In this case, planning in the layer of producers is finished. Producers inform the DSO about the probability that each unit might not be available for service when required for the next scheduling time horizon. DSO ensures a net reserve above a particular threshold for all periods by considering constraint (2) . Maintaining a specific reserve for each time period throughout the scheduling time span is one of the primary functions of the system operator [26] .
Constraint (3) ensures that each unit is maintained for the required number of time periods according to its submitted plan. Continuity between the time periods of maintenance is necessary; therefore, the operator adds this feature to the optimization problem when it considers constraint (4) . Constraint (5) shows that a unit which is in maintenance cannot be committed. Constraints (6) and (7) enforce the logic of status change by defining the relationship between online, start-up and shut-down binary decision variables. Those units considered for maintenance in the following time horizon were not in maintenance during the last time period before the planning interval begins. However, the online state of the generating units during the last time period of the previous time horizon affects the start-up and shut-down status of the first time period. The value u 0 ij shows the online state of each generating unit at this time period, and the planners need to know this value for each generating unit. (12) and (13) refer to active and reactive power flow equations [27] . The limits for bus voltage magnitude and bus voltage angle are shown in constraint (14) and (15) respectively. Eq. (16) shows the relation between active, reactive and apparent power passing through the lines. Constraint (17) refers to apparent power limit of the lines, or in other words, the line thermal limits. 
The following constraint (18) indicates that the ESSs might only experience one of the charging or discharging conditions during each time period. 
The energy stored in ESS relates to its state during the previous time interval and the amount of storage at the start of that period (19) . Fig. 2 . Active demand for 6-bus test system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Reactive demand for 6-bus test system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 4 Generator cost data (case 1).
Unit
Fixed cost (€/h) Production cost (€/MWh) Start-up cost (€)   G1  61  37  98  G2  72  159  111  G3  63  32  18  G4  72  52  103  G5  85  182  76   Table 3 Generator technical data (case 1).
Unit Type Bus No. 
Energy storage devices are defined by three parameters: storage capacity (MWh), charge rate (MW) and discharge rates (MW). In reality, the ESSs do not store all the received energy, and similarly provide less energy in comparison to the amount of energy depletion in the unit. These characteristics are modeled by charge efficiency and discharge efficiency. Constraints (20) and (21) model the limitation of ESSs related to their discharge rate and charge rate. The energy storage level in each ESS is limited by its capacity and the minimum threshold for energy level (22) 
This problem is formulated as mixed-integer nonlinear programming problems that can be solved using commercially available software [28] .
Numerical results
In this section we analyze two case studies, a 6-bus test system and its extension to a larger system with higher share for ESSs and renewable resources, to examine the performance and the effectiveness of the coordination procedure. Fig. 1 shows the one-line diagram of the 25-kV 6-bus distribution test system introduced in [18] . This test system includes five generating units and seven lines. Table 1 displays the line data, and gives the parameters such as lines' serial impedance and the value of the shunt capacitance which is defined in the line model. Table 2 refers to the limitations of voltage magnitude for each line. The bus angle is considered as a variable changing between Àp and p.
Case 1
Loads 1-4 are respectively connected to buses 2, 3, 4 and 6. Fig. 2 shows the active power demand variation of the loads during the day on an hourly basis. Similarly the reactive power consumption of the four loads is depicted in Fig. 3 . The time horizon of the study is 24 h, and the data tables are given in this frame.
Two main producers own the generating units; producer 1 owns units 1 and 3 and the rest of generating units belong to producer 2. Table 3 shows the technical data of generating units, and Table 4 gives the generators' cost data. Fig. 4 . Active power production of generating units. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) The effective supervision of the DSO is required to control and analyze the maintenance plans submitted by the producers. This is also an opportunity for the operator to reduce the cost by considering the payments that generating units propose for their preferred plans.
The two producers demonstrate their willingness to have the generating units that they own in maintenance during their preferred time periods. Table 5 shows their offered plans and their corresponding priority levels which are distinguished by the price that they suggest for each hour.
The DSO receives these suggestions and has the authority to modify, deny or accept them. From the viewpoint of the DSO, the minimum operation cost considering the payments from generation companies from the viewpoint of the DSO is 36,096 Euros. The final maintenance plan which is mandatory for the market participants for the day ahead agrees with the third priority of unit 1 for maintenance, first priority of unit 2 and last priority of unit 4 for its maintenance. The total payment to the DSO in the coordination procedure during the scheduling time horizon of one day is 541 Euros.
The dispatch variables for this case during the 24 h of planning are shown in Table 6 . Figs. 4 and 5 refer to the contribution of each unit in satisfying the active and reactive load demand. Wind units are not dispatchable; therefore, the production forecast of the wind unit in our test system is considered as known data. Inherited binary variables for the last time period of the previous scheduling period affect the results and are considered in the simulation. It is also worth noting that the difference between the sum of units' production and the demand in active and reactive figures is due to the line loss which is included in our model by considering the serial impedance and the line shunt capacitance.
In Fig. 6 the share of each generating in supplying the energy needs of the smart grid during the considered 24 h is displayed.
Single stage maintenance scheduling is common in conventional power systems, and the final plan is appointed as a fixed schedule by the operator. For this case study the proposed approach can provide about 17% of the active demand at each hour as the system reserve for that period. However, the conventional one stage maintenance scheduling can ensure more than 22% of the active demand at each hour as the system reserve. One of the main responsibilities of the DSO is to maintain the reliability of the system at an acceptable level. Applying the proposed approach in comparison to the conventional maintenance scheduling represents additional revenue for the DSO. The DSO has accepted the risk of reducing the system reserve and consequently the reliability deterioration in exchange for the excess income. This revenue can be shared with system loads by means of reliability dependant demand response programs. In fact, these are alternative ways to remunerate these loads acceptance of a lowering in their energy supply quality level.
Case 2
The 6-bus test system introduced in case 1 has been extended to match to the characteristics of smart grids. The 9-bus test system as shown in Fig. 7 has 12 lines with 5 generating units. The total active and reactive demand during the 24 h of planning is shown in Fig. 8 .
The generating units' technical and cost data are shown in Tables 7 and 8. The time horizon of the operation planning is 24 h. In order to show the non-dispatchability feature of the solar unit, this has been considered offline during hours 1-5 and 21-24. Three ESSs are located in this system. The technical characteristics of these units are shown in Table 9 .
The maintenance plans with different priorities are submitted by the generating units. In this case three priority levels are considered for units 2 and 3. Unit 2 pays 51 €/hour if its suggested plan for maintenance during hours 12-24 achieves the acceptance, and 33 €/hour for hours 5-17. Unit 2 does not have the third priority and this means that if its first two desired plans are not approved, then it does not mind about other maintenance windows determined by the DSO. Unit 3 submits all the three plans allowed for each generating unit with their priority levels and the price that it will pay if it is considered for outage during those periods. It pays 45, 32 and 26 €/hour respectively for hours 14-20, 12-18 and 6-12. The model is implemented using DICOPT under GAMS [29] on a computer equipped with two Xeon X5450 processors, each one with 4 cores, clocking at 3.0 GHz with 4 GB of RAM. The time required to attain the solution is 8.112 s. The results show that none of the proposed maintenance windows by unit 2 are accepted. The DSO decides hours 1-13 for maintenance of unit 2 which does not fit to any of the plans proposed by this unit. The most preferred plan for unit 3 gains the acceptance. The total operation cost of the distribution system is 48 251 €. Unit 3 has to pay 315 € in order to benefit from the coordination procedure and to be in maintenance during its preferred time interval.
When intermittent resources receive higher share in smart grids, the benefits of ESSs can be easily understood. In this case study, the ESSs charge and discharge many times as shown in Fig. 9 . During the hours that the system might experience shortage Table 8 Generator cost data (case 2).
Unit
Fixed cost (€/h) Production cost (€/MWh) Start-up cost (€)   G1  73  101  72  G2  54  41  97  G3  42  56  94  G4  23  29  18  G5 77 136 117 in providing energy, these units mostly prefer to discharge and assist the grid in not asking for large amounts of energy. It can be clearly seen in Fig. 9 that the ESSs do not charge significantly during the hours that the solar unit is unavailable.
Conclusions and future work
Most of the models introduced in the literature define the generation scheduling plan as a single step procedure, without considering the need for data exchange between the producers and the system operator. However, the methods that were based on coordination between the members lacked the security consideration, the main concern of the operators. Bilateral data exchange, the technical basis for the coordination procedure, is available in smart grids. In the proposed method the DSO solves the hourly unit commitment, considering the AC power flow security constraints and reliability issues. In essence, the proposed method tries to introduce effective legislation for maintenance planning in smart grids by clearly defining the main objective of each side.
This multiperiod optimal power flow-based method increases the revenue of the DSO while trying to remember the orientation of producers toward maximum profit by having their units online during the high price periods. Minimizing the total system cost is also the main objective of the operator included in the model.
The possible developments that will be discussed in our future publications are the impact of stochastic factors such as load demand fluctuations, random forced outages of generating units and network lines, system reconfiguration due to the planned and forced outages of the transmission lines. The deviation of generating units from their nominal power factor causes more stress on the system and the units, and consequently affects the maintenance costs. Therefore, this criterion can be included in the future works to introduce a comprehensive outage planning module for short-term generation scheduling.
